Summary. Background: Previous reports have noted that factor (F) XI and FXII and prekallikrein (the contact phase proteases) are absent in fish. Objectives: A broad survey of recently completed genomes was undertaken to find where during the course of vertebrate evolution these coagulation factors appeared. Methods: BLAST searches were conducted for the various factors on genomes of lamprey, puffer fish, zebra fish, frog, chicken, platypus, and opossum. Results: It was confirmed that FXII is absent from fish; it is present in frog, platypus, and opossum, but is absent in chicken, an apparent example of gene loss. A single gene corresponding to the evolutionary predecessor of FXI and prekallikrein occurs in frog, chicken, and platypus. The opossum (a marsupial) has both prekallikrein and FXI, completing the full complement of these genes that occurs in eutherian mammals. Conclusions: The step-by-step accrual of genes for these factors by a series of timely gene duplications has been confirmed by phylogenetic analysis and other considerations.
Introduction
The availability of numerous whole genome sequences has ushered in a new era of comparative biology whereby it is now possible to reconstruct the step-by-step evolution of complex pathways such as vertebrate blood coagulation [1] [2] [3] [4] . For example, lampreys may have only predecessor genes for factor (F) V and FVIII on the one hand, and FIX and FX on the other [3] . Moreover, all fish appear to lack the genes for proteases that constitute the ÔcontactÕ phase of clotting [4] .
In mammals, the contact phase proteases are FXI, FXII, and plasma prekallikrein (PK). Functionally, FXII and PK are reciprocally activated in vitro in the presence of charged surfaces such as kaolin; activated FXII (FXIIa) converts FXI to the protease FXIa, which in turn converts FIX to FIXa (Fig. 1 ). While the bleeding disorder associated with deficiency of FXI is relatively mild, and no bleeding diathesis is associated with FXII or PK deficiency [5] , there is renewed interest in the role of this system in pathologic coagulation based on observations that FXII-deficient mice are resistant to vascular thrombosis [6, 7] . As such, determining when during evolution the Ôcontact factorsÕ appeared may bear on the longstanding debate about how important this system is to coagulation.
The notion that the Ôcontact phaseÕ of clotting is absent from infra-mammalian vertebrates is longstanding. In the case of birds, reports dating back over the course of a century have made the point that chicken blood is slow to clot upon exposure to foreign surfaces [8, 9] , the observed behavior being attributed to an absence of FXI and FXII [10] . Other birds are also reported to lack FXII/contact activation, including vultures [11] and ostriches [12] .
It has long been apparent that FXI and PK are so similarboth in sequence and domain arrangement -that the duplication that gave rise to these paralogs. 2 must have been quite recent, and it was suggested that one or the other might be absent in non-mammalian vertebrates [13] . Similarly, the cloning of hepatocyte growth factor activator (HGFA) revealed a close relationship to FXII and suggested an analogous situation for these proteins [14] , although in this case the sequence divergence is considerably greater, even though the domain arrangements in HGFA and FXII are the same (Fig. 2 ).
(i) sequence similarity and phylogenetic trees based on aligned sequences; (ii) the occurrence and arrangement of peripheral domains, including PAN (apple) domains, kringles, EGF, and fibronectin domains (Fig. 2) ; and (iii), when possible, synteny, as demonstrated by the arrangement of neighboring genes. Synteny is the co-localization of sets of genes on chromosomes.
Although the current paper is restricted to proteases, a recent phylogenetic study [15] has examined the evolution of kininogens, including high-molecular-weight kininogen (HK), the non-protease component of the contact system, providing a complementary backdrop to our analysis.
Methods
Several data sources were used during the course of this bioinformatics analysis, including the National Center for Biotechnology Information (NCBI), European Bioinformatics Institute (EMBL-EBI) and Washington University of St Louis Genome Center (http://genome.wustl.edu). Although these databases mostly mirror each other, each offers a different regimen of searching and map-viewing tools with different advantages depending on the degree of completeness of a particular whole genome sequence. The protocols available at the EMBL-EBI and Wellcome Trust-Sanger Centre (WTSI), including ENSEMBLE [16] , were particularly helpful.
Surveys began with BLAST [17] searches of each of the human sequences (FXI, FXII, and PK) against the whole genome sequence databases; the highest scoring hits were then blasted reciprocally against the NCBI non-redundant database to see if there were better matches for the uncovered sequence. Preliminary reconstructions between exons were made with GeneScan [18] , but final versions were made manually in the light of multiple amino acid sequence alignments. Alignments and phylogenetic trees were made both with CLUSTAL [19] and by an older progressive method [20, 21] . Phylogenetic trees were drawn on the phylodendron website maintained at Indiana University (http://iubio.bio.Indiana.edu/).
The genomes analyzed include those of the opossum (Monodelphis domestica), platypus (Ornithorrhynchus anatinus), chicken (Gallus gallus), frog (various species of the genus Xenopus), zebra fish (Danio rerio), puffer fish (Fugu rubripes), and lamprey (Petromyzon marinus). A simple phylogeny of these creatures is presented in Fig. 3 .
The status of the various genomes varied from the draft assembly stage (e.g. platypus), where genes are mostly localized to contigs and supercontigs only [22] , to virtually complete mapping of chromosomes (e.g. chicken) [23] . The possibility of syntenic gene arrangements for these various organisms was explored with ENSEMBLE [16] . Evolution of the contact phase of vertebrate blood coagulation 1877
Results

Genes for FXII in vertebrate genomes
The absence of a gene for FXII in fish was confirmed by a re-examination of the latest version of the puffer fish genome and a search of the more recently described zebra fish and lamprey genomes (Table 1) . Genes for HGFA, a paralog of FXII, were found in lamprey, puffer fish (but not zebra fish), frog, chicken, platypus, and opossum. Genes for authentic FXII were identified in frog, platypus, and opossum genomes; the gene is not present in the chicken genome (Table 1) . Phylogenetic evidence and chromosomal considerations presented below indicate that the gene has been lost on the lineage leading to birds.
Genes for FXI and PK in vertebrate genomes
A single paralog of FXI and PK occurs in frog, chicken, and platypus, suggesting its first appearance among early tetrapods (Table 1 ). In contrast, the opossum genome has genes for both PK and FXI, indicating that the gene duplication leading to separate factors occurred early in mammalian evolution but after the divergence of monotremes (platypus).
Chicken PK-FXI predecessor gene
The case for there being one PK-FXI gene in the chicken genome [23] is greatly strengthened not only by there being a single gene with appropriate sequence similarity and domain arrangement, but also by its detailed chromosomal location relative to neighboring genes. In humans, the genes for PK and FXI are adjacent to each other and between genes for a cytochrome P-450 and a melatonin receptor (MTNR1). In the chicken, only a single gene occurs between the same two genes (Fig. 4) .
Platypus PK-FXI predecessor gene
Of all the identifications reported here, those involving sequences related to PK or FXI in the platypus genome are the most problematic. There are two reasons. First, the platypus genome sequence is still at the ÔdraftÕ stage [22] , and numerous short regions remain unsequenced (NNNNN regions). Secondly, the contigs on which the relevant exons occur are not fully assembled. As such, caution needs to be observed in certain circumstances.
One such circumstance involves an anomalous termination codon (TAG) in the middle of the protease portion of the PK-FXI predecessor sequence; in reality, it most likely encodes a tryptophan (TGG). There are two reasons to think this anomaly was introduced at the cloning stage. First, the rest of the region is free of termination codons, and secondly the sequence following the anomalous codon fits exactly into the expected pattern at the same high level of similarity (>60% identity). Moreover, when the putative sequence is examined phylogenetically with the serine protease domains of other clotting factors, it assumes an appropriate place at the base of the cluster composed of FXI and PK (Fig. 5 ). This argument is presented more fully in the Discussion section.
The terminal three PAN domains of the platypus PK-FXI predecessor are clustered on a single supercontig (co29087); the fourth PAN domain is on a contig that also contains the amino-terminal half of the serine protease domain (co41273). No terminator codons occur in either of these contigs. The region containing the second half of the serine protease domain is on a third contig (co73301) containing the anomalous terminator codon.
Separate genes in the opossum
There is no ambiguity in the assignment of the two distinct genes in the opossum to FXI and PK. An examination of the opossum FXI gene identified several features that are highly similar to FXI in placental mammals. First, for the sequence available, human and opossum FXI are 70% identical at the amino acid level. By comparison, human and mouse FXI are 78% identical. Secondly, a conserved sequence (amino acids 183-191) in the third PAN domain in placental mammals, which likely represents a binding exosite for the substrate FIX, is conserved in the opossum protein [24] . Finally, FXI is a disulfide bond-linked homodimeric protein with the fourth PAN domain forming the interchain interface [25, 26] . Amino acids in human FXI, which are critical for forming the homodimer, are conserved in the opossum, including residues Leu284, Ile290, and Tyr329 that form the interface, and an unpaired Cys321 that forms the interchain disulfide bond. Like human PK, opossum PK appears to be a monomer, with a . Phylogenetic tree generated from the alignment of serine protease portions of various coagulation factors. In deference to the artifactually truncated platypus factor XI-prekallikrein predecessor, which lacks 13 residues at its carboxy-terminus, all sequences were shortened to the same point. The circled regions labeled 1, 2 predecessor, which lacks 13 residues at its carboxy-terminus, all sequences were shortened to the same point. The circled regions labeled 1, 2 and 3 correspond to key gene duplication sites. Trees with virtually the same topology were generated independently by other methods [20, 21] . Organism abbreviations: HU, human; MO, mouse; OP, opossum; PL, platypus; CH, chicken; FR, frog, ZF, zebra fish; FU, puffer fish; LA, lamprey. Factor abbreviations: PK, prekallikrein; F11, factor XI; F11PK, PK--fXI predecessor; F12, fXII; PLG, plasminogen; HGF, hepatocyte growth factor; HGFA, hepatocyte growth factor activator; TPA, tissue plasminogen activator; UPA, urokinase. Evolution of the contact phase of vertebrate blood coagulation 1879 cysteine residue at position 326 that forms an intrachain disulfide bond with Cys321 [27] [28] [29] .
Phylogenetic trees
Phylogenetic trees were calculated from a multiple alignment of the serine protease domains of numerous proteases, including some not involved in the contact phase of clotting (Fig. 5) . In a perfect phylogenetic tree, predecessor genes are expected to appear prior to duplications leading to new proteins. If the duplication occurs within a short interval of a species divergence, however, the tree can be slightly muddled. In the case of the putative PK-FXI predecessor, the frog sequence appears well in advance of the duplication, as expected, but the chicken and platypus sequences are near the bottoms of the FXI and PK clusters, respectively. The internal branch lengths are very short, however, and either entry could be shifted on the tree merely by a few amino acid replacements. At this point, it is not clear if the predecessor proteins are more like PK or FXI from placental mammals and the opossum. Indeed, the amino acid sequence of the protease domain of the platypus predecessor is about 68% identical with the corresponding regions of either human FXI or PK.
The platypus, frog, and chicken proteins all lack the putative FIX-binding site found in the FXI third PAN domain. An examination of sequences for the fourth PAN domain shows cysteine residues at positions 321 and 326 (human FXI numbering system; Fig. 6 ). This feature, found in PK but not FXI, indicates that the predecessor protein, like PK, is a monomer. These features not withstanding, there is insufficient understanding of functional epitopes for mammalian PK proteins to determine if the predecessor proteins of frog, chicken or platypus are likely to have activity similar to PK. The results do strongly suggest, however, that the dimeric structure of FXI is a feature acquired after duplication of the predecessor gene.
Discussion
The contact activation system of blood plasma consists of three serine protease zymogens (FXII, FXI, and PK), and the multidomain glycoprotein HK. HK is cleaved by activated PK (a-kallikrein) during contact activation, releasing the vasodilator and pro-inflammatory peptide BK.
In humans, the four components are required for surfaceinitiated formation of a blood clot in assays such as the partial thromboplastin time. Even so, deficiency of FXII, PK or HK is not associated with a predisposition to excessive bleeding, and abnormal hemostasis in FXI deficiency is variable and relatively mild [5] . As such, the importance of contact activation to normal hemostasis is questionable. However, thrombosis models using primates and genetically engineered mice, and epidemiologic studies in human populations suggest that the contact system may be involved in pathologic coagulation in vivo under some circumstances [6, 7] .
Our analysis shows that the expansion of the vertebrate clotting system to include FXI, PK, and FXII has occurred by way of a series of widely spaced gene duplications during the course of several hundred million years of evolution, beginning with the appearance of FXII and a PK-FXI predecessor in amphibians. Fortuitously, a recent independent phylogenetic analysis of kininogens [15] has revealed that, although fish have a kininogen comparable to HK, the protein lacks the histidinerich segment that is essential for co-factor activity in the contact system [30] . Indeed, that portion of the protein makes its first appearance at the level of amphibians [15] , fully consistent and complementary with our findings.
Evolutionary appearance of FXII
Factor XII made its first appearance with the evolution of amphibians. Both lamprey and puffer fish have genes that are clearly orthologs of HGFA, but neither has FXII. The lamprey HGFA gene is especially noteworthy in that it appears on the phylogenetic tree well in advance of the gene duplication that divides the groups (Fig. 5) . It is also worth commenting that the lamprey and other fish have hepatocyte growth factor itself, as well as its activator, although we should note in passing that we did not find an HGFA sequence in the zebra fish database, even though HGF is present ( Table 1) .
The fact that the putative frog FXII is a genuine ortholog of mammalian FXII is corroborated by the syntenic arrangement of neighboring genes in frog and mammals (Fig. 7) . Thus, in humans, paralogous genes are situated on either side of human FXII and HGFA, even though they occur on different chromosomes, and the exact same situation occurs in frogs. In chickens, the gene arrangement is identical except that FXII is missing. A duplication of a chromosomal segment followed by a translocation is clearly indicated in the evolutionary introduction of FXII. In humans, the FXII gene is sandwiched between genes denoted Na+/Pi and GRK6. In chickens, these two genes are adjacent to each other with no gene in between, but in frogs, the FXII gene is adjacent to GRK6. As it happens, the FXII gene in frogs is at the end of a scaffold and its upstream neighbor cannot yet be identified. Interestingly, in all three genomes (frog, chicken, and human) the arrangement around the HGFA gene is identical (Fig. 7) . Loss of the FXII gene on the lineage leading to birds is also consistent with the topology of the phylogenetic tree (Fig. 5) .
Opossum FXI
Evolutionary appearance of PK-FXI predecessor
As with FXII, the predecessor of mammalian FXI and PK first appears in amphibians. The most notable structural feature of FXI, PK, and their predecessor is a series of four disulfideconstrained 90-91 amino acid repeats initially called apple domains. Apple domains are now properly considered members of the PAN domain family. Patthy et al. [31] have written extensively on the evolutionary origins of the apple/PAN domains of FXI and PK, and have provided convincing evidence that they are derived from the N-terminal domain of plasminogen and hepatocyte growth factor (HGF; Fig. 2 ). While the domain is widely scattered among various animal proteins, including sundry tandem repeats in nematode adhesive proteins, the most likely ancestors for FXI and PK are serine proteases of the plasminogen/HGF sort (Fig. 5) . In addition to the frog and chicken, the PK-FXI predecessor is present in the platypus, one of five extant species of monotremes (egg-laying mammals) that diverged from the lineage leading to marsupial and placental mammals relatively early in mammalian evolution.
Separate genes in the opossum
The observation that distinct genes for PK and FXI are present in the opossum indicates they are the result of a gene duplication involving the predecessor gene that occurred after the divergence of monotremes from other mammals. PK and FXI in placental mammals and the opossum have structural features that must account for specific functions, and it is tempting to speculate about the functional properties of the predecessor based on a comparison of amino acid sequences. Factor XI is a dimeric protein, an unusual conformation for a trypsin-like serine protease. Key residues in the fourth PAN domain involved in FXI dimer formation are not conserved in PK or the PK-FXI predecessor. Furthermore, Cys
321
, which forms an interchain disulfide bond in FXI, forms an intrachain bond with Cys 326 in PK and the predecessor proteins of frog, chicken, and platypus. Finally, sequences in the FXI third PAN domain that are required for binding to FIX and to platelets are not conserved in PK or the predecessors. Taken as a whole, the data suggest that the PK-FXI predecessor would lack the ability to function in coagulation in a similar manner to FXI (i.e. to activate FIX). This is consistent with the observation that FXI activity is not found in the plasmas of birds [8] [9] [10] [11] [12] . It must be noted, however, that studies examining coagulant activities in bird plasma were based on assays using human factor-deficient plasmas [10] , and failure to identify a specific activity may be related to species incompatibility rather than true absence. Despite the similarities with PK, it is not known at this point if the predecessor has kininogenase activity. Experiments with wholly homologous systems (all components from the same organism) should provide the answer.
About losing genes
It is well known that cetaceans (whales, dolphins, and porpoises) are deficient in FXII, and yet these creatures seem perfectly well adapted in an evolutionary sense [32] . In this case, the history of events leading to the loss of activity is made apparent by the presence of a corresponding pseudogene [33] . In the case of the chicken, the gene is completely missing.
The determination of whole genome sequences during the past decade has shown that gene loss is common in the biological world. For example, almost 400 genes have been lost along each of the lineages leading from the common ancestor of fission and budding yeasts [34] . Seen in this light, the loss of the FXII gene along the lineage leading to birds, or its conversion to an inactive pseudogene in cetaceans, is not necessarily a cataclysmic event.
Interestingly, these two cases of FXII loss bear on the questionable occurrence of the anomalous terminator in the platypus PK-FXI predecessor. It might be argued that the terminator codon merely indicates that the predecessor gene has been lost. Natural selection is necessarily and immediately relaxed on a non-functioning gene, however, and the coding sequence quickly deteriorates. In the case of the whale FXII pseudogene, two terminator codons are immediately followed by a single-nucleotide insertion that changes the remainder of the reading frame to a nonsensical one with multiple terminators. All of this decay had to occur within the 60 million year interval since cetaceans diverged from other mammals [35] . In the case of FXII loss from chickens, the gene has vanished completely during the 300 million year period since the divergence of birds, as shown by its absence between syntenic genes in other vertebrate classes (Fig. 7) . What these observations tell us is, if the reported terminator codon in the platypus PK-FXI gene is genuine, the mutation giving rise to it must have occurred very recently, and the gene must have been active for most of the time since monotremes diverged from other mammals 166 million years ago [22] . In other words, even allowing for the small population size of the Australian platypus, there would doubtless be a ÔmutantÕ specimen where the terminator codon has been replaced with a tryptophan codon, thereby resulting in an active gene.
Adding complexity
Gene duplications lie at the heart of adding complexity to any genetic system. Often such duplications merely enhance the fine-tuning and balance of an already highly regulated system, and it is difficult to determine what natural advantage was gained. In this regard, the independent appearances of the PK-FXI predecessor, FXII, and the histidine-rich co-factor section of HK at the dawn of tetrapods is not likely mere coincidence (Fig. 8) . Indeed, the fact that HGF and the PK-FXI predecessor gene are related to about the same degree as HGFA and FXII (Fig. 5 ) strongly suggests these events were coupled in time. Both HGFA and HGF, the putative ancestors of the contact proteases, appear to be virtually ubiquitous among vertebrates, as had been predicted [36] . Something about the evolutionary migration of vertebrates from a strictly aqueous environment to land is likely associated with these new genetic acquisitions, but it would be premature to speculate on what that may have been.
Meanwhile, it will be of considerable interest to find if, in vitro, in a wholly homologous system composed of components from frog plasma, the PK-FXI predecessor is activated by frog FXIIa and, if so, whether the activated predecessor protein can activate frog HK, FIX, or both. Similarly, it will be useful some day to study the contact phase of clotting in the platypus. It must be emphasized that such studies need be conducted on strictly homologous systems, and biological material from key organisms such as the platypus is not always readily available.
Acknowledgement
M. Ponczek was the recipient of an EMBO short-term fellowship.
Disclosure of Conflict of Interests
The authors state that they have no conflict of interest.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Sequence alignment of serine protease portions of contact phase coagulation factors and various paralogs. Proteins: FXI, factor XI; FXII, factor XII; PREK, prekallikrein; HGFA, hepatocyte growth factor activator; PG, plasminogen; TPA, tissue plasminogen activator. Organisms: HU, human; OP, opossum; PL, platypus; CH, chicken; FR, frog; PF, puffer fish.
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article. Loss of fXII gene on lineage leading to birds (the loss could have occurred before the split leading to reptiles and birds, a matter that should be resolved when a whole genome sequence for a reptile becomes available).
